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Abstract.-Dislocation motion i n Va metals, V , Nb and Ta a t low temperatures was studied by i n t e r n a l f r i c t i o n and dynamic modulus measurements. The r e s u l t s on pure and impure Nb and Ta support t h e assignment t h a t t h e 6 and a peaks a r e i n t r i n s i c d i s l o c a t i o n r e l a x a t i o n peak and H cold work peak, respectively.
Dislocation motion below t h e 6 peak temperaturesat say 9K was discussed based on t h e observed e f f e c t of deformation and E charge on modulus d e f e c t s a t 9K. Modulus d e f e c t s a t 9K were considered t o be mainly due t o kink d i f f u s i o n along screw and non-screw d i s l o c a t i o n s and t h e 6 peak was considered t o be associated with double kink formation on non-screw d i s l o c a t i o n s .
H charge suppressed t h e modulus d e f e c t s a t 9K and seemed t o induce a very strong d i s l o c a t i o n pinning which i s s t a b l e up t o room temperature.
Other types of d i s l o c a t i o n pinning observed i n V a f t e r quenching t h e specimen deformed and H charged were a l s o shown.
1. Introduction.-Many works have now been accumulated on d i s l o c a t i o n r e l a x a t i o n peaks i n group-Va metals, V , Nb and Ta. These r e l a x a t i o n peaks a r e t y p i c a l l y from low temperatures, t h e 6, a, B m d y peaks which appear roughly a t around 30K(6), 150K(a), 300K(B) and 500K(y) f o r measuring frequency of 500Hz(l%3). There seems t o be a general agreement on t h a t t h e y peak i s caused by t h e double kink formation on screw d i s l o c a t i o n s and t h e B peak, by point d e f e c t ( o t h e r than H)-dislocation i n t e raction(4).
On t h e o r i g i n s of t h e 6 and a peaks, however, t h e r e a r e s t i l l controvers i e s among various authors. Main point i s whether t h e a peak is a hydrogen coldwork peak(HCWP) o r an i n t r i n s i c d i s l o c a t i o n r e l a x a t i o n peak(1DRP).
The experimental r e s u l t s t h a t t h e 6 peak i s suppressed by H charge but t h e a peak appears only a f t e r H charge(2,3) and t h a t r e l a x a t i o n s t r e n g t h s o r modulus d e f e c t s accompanying t h e 6 peak(AE6) and t h e a peak(AE ) a r e i n complementary a r e l a t i o n , i . e . AE +AE I c o n s t . (5,6) a r e i n favor of t h e former model. However, K l a m 6 a e t a1. (7) and Schultz e t a1.(8) have observed r e c e n t l y t h a t i n c a r e f u l l y prepared Nb and Ta specimens t h e a peak appeared i n t h e deformed specimen without H charge and concluded t h a t t h e a peak i s IDRP. I n t h e present paper, t h e experimental r e s u l t s w i l l be shown which suggest t h a t t h e 6 and a peaks a r e IDRP and HCWP, respectively.
I n order t o c l a r i f y t h e d i s l o c a t i o n motion, it i s important t o know t h e d i s l o -
c a t i o n behavior below t h e 6 peak temperatures. I n t h i s r e s p e c t , changes i n modulus d e f e c t s below t h e 6 peak caused by deformation, H charge and quenching were studied
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2. Experimental.-Specimens used i n t h e p r e s e n t work were s i n g l e c r y s t a l ( S C ) specimens of V and Nb and polycrystal(PC) specimens of Nb and Ta, a l l purchased from MRC.
They were annealed i n UHV i n t h e range of 10-'%10-~~a. The t y p i c a l r e s i d u a l r e s i st i v i t y r a t i o s were roughly about 25 f o r both V and Nb SC-specimens, and about 2500 f o r Nb and Ta PC-specimens. Deformation of t h e specimens was made by bending o r r o l l i n g . H charge was performed c a t h o d i c a l l y a t O°C. I n t e r n a l f r i c t i o n and dynamic modulus were measured d u r i n g warmup using f l e x u r a l v i b r a t i o n of about 500Hz. Maximum -6 s t r a i n amplitude was an o r d e r of 10 . Fig. l ( b ) 3. E f f e c t of p u r i t y on t h e 6 and a peaks.-F i g u r e s l ( a ) and (b) show t h e r e s u l t s on pure and impure Ta.
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I n Fig. l ( a ) , heavy deformation induced only t h e 6 peak(%35K) (curve I ) , and H charge suppressed t h e 6 peak and induced t h e a peak(curve 2, al a t %150K, a2 a t %200K). F u r t h e r , modulus changes accompanying w i t h t h e s e peaks show t h a t AE +AE = c o n s t . ( s e e upper curves 1 and 2 ) . I n t h e as-annealed specimen, t h e 6 a s m a l l 6 , a (%80K) and a peaks appeared probably due t o handling e f f e c t ( c u r v e 3). 3 1 I n Fig. l ( b 
t t o absorb H
and only deformed showed t h e l a r g e a peak(upper f i g u r e ) . From t h e s e r e s u l t s on Nb and Ta, i t seems more reasonable t o consider t h a t a v e r y s m a l l amount of H remaining i n pure specimens was r e s p o n s i b l e t o t h e a peak i n Nb than t o consider t h a t t h e a peak i n Nb i s IDRP. It seems t h a t i n impure specimens i n i t i a l l y contained H atoms were trapped by i m p u r i t i e s and could n o t c o n t r i b u t e t o HCWP. Therefore, t h e 6 and a peaks a r e considered t o be IDRP and HCWP, r e s p e c t i v e l y .
D i s l o c a t i o n motion below t h e 6 peak temperatures.-The 6 peak i s now IDRP, t h e n what t y p e of d i s l o c a t i o n motion i s r e s p o n s i b l e f o r t h e modulus d e f e c t s below t h e 6 peak temperatures ? F i g u r e s 3 ( a ) and (b) show t h e e f f e c t of deformation and H charge on t h e modulus d e f e c t s a t ~K((L!E/E~)~~) f o r Nb SC-specimens.
(AE/E0)9;c i n c r e a s e d a f t e r s u c c e s s i v e deformations and decreased by f o l l w i n g H charges.
For an as-annealed specimen, 220atppm H charge was observed t o d e c r e a s e t h e modulus a t 9K by about 0.9% o r t o i n c r e a s e (AE/E ) by about 0.9%(not shoxm h e r e ) . 0 9K Therefore, t h e above changes i n (AE/E0)9K were considered t o b e mainly a s s o c i a t e d 
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JOURNAL D E PHYSIQUE Figs. 3(a) and (M : (a) : E f f e c t of deformation and H charge on dynamic modulus a t 9K(solid l i n e ) and t h e i r derivative(broken l i n e ) i n a Nb s i n g l e c r y s t a l specimen. Successive deformations were made by bending a t room temperature. with an i n c r e a s e i n mobile d i s l o c a t i o n density a f t e r deformations and with a suppress i o n of d i s l o c a t i o n motion a f t e r H charges. Figures 3(a) and (b) f u r t h e r show t h a t (AE/EOIgK is l a r g e r a f t e r deformation a t 77K than a f t e r deformation a t room temperat u r e . On t h e other hand, t h e 6 peak i s l a r g e r a f t e r deformation at room temperat u r e . Since t h e lower temperature deformation i s considered t o induce more long screw d i s l o c a t i o n s , these r e s u l t s suggest t h a t t h e 6 peak i s associated with double In t h e s e considerations, a contribution of d i s l o c a t i o n motion i n t h e i n t e r n a l s t r e s s f i e l d t o (AE/E0)9K should be taken i n t o account. But, observed l i t t l e amplitude dependence of AEgK seems t o support t h e general f i g u r e mentioned above. Now returned t o t h e r e s u l t s on Ta shown i n Fig. l ( a ) , curves 1 and 2 of t h e modulus change show t h a t ( A E / E~)~~ i n Ta decreased by H charge and t h i s decreased There a r e o t h e r types of d i s l o c a t i o n pinning which were observed i n deformed V. Figure 4 shows t h e e f f e c t of cooling r a t e on modulus d e f e c t s . On curve 3 i n t h e f i g u r e f o r quenched specimen, d i s l o c a t i o n pinning by H atoms can be seen a t about Fig. 4 : E f f e c t of cooling r a t e on low temperature dynamic modulus i n a V s i n g l e c r y s t a l specimen a f t e r deformation and H charge. Changes i n v i b r a t i o n a l p e r i o d of resonant f l e x u r a l v i b r a t i o n a f t e r v a r i o u s treatments(PX), taken a s d i f f e r e n c e from t h a t i n t h e as-annealed state(PR) were p l o t t e d a g a i n s t measuring temperatures. The measurements were made during warmup a f t e r t h e following s u c c e s s i v e t r e a t m e n t s . 1 : Deformed by bending(22%) a t room temperature. 2 : 30atppm H charged. 3%6 : A t o t a l of 175atppm H charged and cooled by t h e following ways. 25K, which corresponds probably t o t h e H detrapping s t a g e found by e l e c t r i c a l r e s i st i v i t y measurements(9). Large d i s l o c a t i o n pinning and depinning s t a g e s observed i n t h e range from 120K t o 180K i s probably a s s o c i a t e d with c l u s t e r i n g and r e s o l u t i o n of H atoms on o r n e a r d i s l o c a t i o n l i n e s , H atoms having been detrapped from i m p u r i t i e s during warmup. Some of t h e d e t a i l e d r e s u l t s w i l l be published e l s e w h e r e ( l 0 ) .
